Although the rare earth element (REE) geochemistry of hydrothermal systems have intensively been investigated at mid-oceanic ridges, studies are relatively few at the converging plate zones like the Okinawa Trough. The "chimney" deposits obtained by using submersible "SHINKAI 2000" from the Iheya Ridge site, Okinawa Trough are largely composed of massive carbonates and silicates with minor amounts of sulfides, and appear black and white depending upon their composition. The concentrations of REEs are 2-3 orders of magnitude higher in the sulfide-rich black portion than in the white portion. Both deposits show a pronounced positive Eu anomaly and the light REE enrichment which are characteristic of the high-temperature fluids venting from sediment-free oceanic ridges. Whilst the Okinawa Trough REE data are unique in the hydrothermal vent systems in having a flat chondrite-normalized pattern for the REEs heavier than Tb. The Eu-anomaly is greater in the white deposit than in the black deposit, suggesting that Eu 2+ is more mobile (resistant to scavenging by sulfides) than stricktly trivalent REEs in the hydrothermal solution and may be incorporated into the former by substitution of Sr 2+ in the calcite lattice. The Calyptogena shell shows the REE pattern typical for seawater without any positive Eu anomaly, suggesting that the influence of hydrothermal solution is negligible. Although the light REE concentrations are comparable, the heavy REEs are significantly higher in the shell than in the white deposit. This suggests that the concentrations of the heavy REEs in the carbonate-forming hydrothermal solution may be lower than those of ambient seawater. Thus, the hydrothermal system in the Okinawa Trough may not be a source but a sink for dissolved REEs in seawater.
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and Dulski, 1999; Douville et al., 1999) .
The rare earth elements have been used as powerful tracers in the studies of hydrothermal fluidsolid reactions based upon (1) the systematic decrease in the ionic radii with increasing atomic number across the lanthanide series and (2) redox effects which can result in so called "Ce(IV)-and Eu(II)-anomalies" over the trivalent neighboring REEs. The characteristic features of REE composition of high-temperature hydrothermal fluids venting at diverging mid-oceanic ridges have been relatively well recognized for a distinctly positive Eu anomaly (Michard et al., 1983) and a systematic light REE enrichment when normalized to chondrite or the average mid-oceanic ridge basalt (MORB) (e.g., Klinkhammer et al., 1994a; Mills 
INTRODUCTION
In the Okinawa Trough, the back-arc basin located in the western North Pacific, three active hydrothermal vent fields ( Fig. 1(a) ) have been found and intensively investigated using research vessels and submersibles since 1986 (e.g., Sakai and Nozaki, 1995) . The purpose of this paper is to present the rare earth element (REE) patterns of hydrothermal deposits and a Calyptogena shell from one of the active vent fields, the Iheya Ridge mound, and to compare them with those reported for the hydrothermal areas of mid-oceanic ridges and some back-arc basins (Michard et al., 1983; Barrett et al., 1990; Klinkhammer et al., 1994a; Mitra et al., 1994; Mills and Elderfield, 1995; Bau and Elderfield, 1995) .
In contrast, data on REE geochemistry in the hydrothermal areas at converging plate boundaries like the Okinawa Trough have been few to date. It has been demonstrated that hydrothermal fluids from those areas have chemical compositions different from those in mid-oceanic ridges, largely due to interactions with terrestrial and authigenic sediments (e.g., Gamo, 1995) . Hydrothermal fluids from sediment-hosted sites are generally rich in CO 2 , CH 4 , NH 4 + and alkalinity as compared to those from sediment-starved sites. Hydrothermal deposits dominated by massive carbonates like those found in the Okinawa Trough are rare in abundance. Therefore, it would be interesting to compare the REE compositions of the hydrothermal sources in different geological settings.
We had an opportunity to collect samples of hydrothermal deposits and living clams from the active Iheya Ridge area using the submersible "SHINKAI 2000" in 1992. The results of REE composition and their implications are described in this paper.
METHODS

Sampling and sample treatment
The study area of the Iheya Ridge (27°33.0′ N, 126°58.2′ E; water depth, 1393 m) is shown in Fig. 1 . More information on the "CLAM" site may be found in Gamo et al. (1991) and Nakashima et al. (1993 Nakashima et al. ( , 1995 . During the "SHINKAI 2000" dive 614 on May 30, 1992 (Observer, Y. Nozaki), hydrothermal deposits from the so called "Pyramid chimney", where hot and clear hydrothermal fluids are actively venting, were collected using the manipulator. The highest measured temperature of the fluid was 220°C in 1988 and 216°C in 1989 but decreased to 130°C in 1992 (Nakashima (Nakashima et al., 1995) . , 1995) . Calyptogena clam samples (12-13 cm in length, ~4.5 cm in width) were also collected by manipulator from the sediment-water interface at the nearby flat seafloor. The inner organic contents of the clams were removed on board of M/S Natsushima. The shells and untreated hydrothermal deposits were transferred to the Ocean Research Institute, University of Tokyo for REE and chemical analysis.
In the laboratory, the chimney sample was separated into two parts, black and white portions. The powdered samples were successively cleaned with 0.015M HNO 3 and Milli-Q water using an ultrasonic bath. The sulfides were dissolved in 6M HCl by purging with nitrogen gas. The carbonates were also dissolved in 6M HCl. Further decomposition of the samples was performed using a mixture of aqua regia and HClO 4 in a 30 ml Savillex Teflon vial on a hot plate. About 1.5 to 3 g of the chimney samples were used for analysis of REEs, and ~0.6 g of each was afforded for bulk chemical analysis by an inductively coupled plasma (ICP) atomic emission spectrometry.
Calyptogena shells were crushed and grounded using a stainless steel motor and a pestle. A fraction of greater than 1 mm in diameter was taken and cleaned by successive treatments with 0.015M HNO 3 , Milli-Q water, and then acetic acid. Dissolution and decomposition of the sample are similar to those described above for the chimney samples except that additional hydrogen peroxide was used to complete decomposition of organic matter. About 0.9 g of the sample was used for analysis of REEs.
Purification and preconcentration of REEs and Y in the above samples were performed by the procedure using a new flow-through line with a Ln-resin column (see Addendum). The sample solution was adjusted to pH 3.0, and then passed through the column. Adsorbed REEs and Y on the Ln resin column were eluted with 8M HCl, and the effluent was evaporated to near dryness on a hot plate. The residue was redissolved in a dilute nitric acid and then determined by an ICP mass spectrometer (Yokogawa, PMS 2000) . The method was calibrated against the composite REE standard solution provided by Spex Standard Co. Ltd. The precision of the measurements ranged from 5% for the light REEs to 2-3% for heavy REEs and Y. The procedural blank was <0.025 pmol per sample, corresponding to only ~2.5% of the surface seawater and negligible for the hydrothermal deposit samples. Table 1 gives the results of bulk chemical analysis of the black and white portions of the deposits. Both deposits dominated by Mn and Ca which mainly exist as carbonates. Mineralogy of the "Pyramid chimney" has previously been described by Gamo et al. (1991) and Nakashima et al. (1993 Nakashima et al. ( , 1995 . The content of carbonates (rhodochrosite and calcite) amounted to ~40% by weight in the white portion and 56% in the black portion. The black portion is relatively rich (~6%) in metal sulfides (wurtzite, pyrite, galena, etc.) as compared to <0.5% in the white portion. Most likely, the remainders are largely amorphous silica according to Gamo et al. (1991) . It is also noted that Ba is only 14 nmol/g or less, suggesting that the barite content is negligibly small in the deposits. The sample solutions for REE measurements contained only less than 0.02 ngBa/g after Gd measurements is negligible since the measured BaO/Ba ratio is ~0.0008 in our ICP mass spectrometer.
RESULTS
Bulk chemistry
REE data
The results on the hydrothermal deposits and a clam shell are given in Table 2 , together with literature values for chondrite, which are employed for normalization in this paper, the average mid-oceanic ridge basalt (MORB), the average shale and the North Pacific Deep Water. The hydrothermal deposits are significantly depleted in the REEs and Y compared to the upper continental crust (as represented by shale) and midoceanic ridge basalt. The black portion of the chimney contains REEs and Y in the concentrations 38 times (for Eu) to 608 times (for Ce) higher than those of the white portion. This suggests that most REEs and Y in the hydrothermal fluids are quickly and effectively scavenged by the sulfide precipitates in the early stage of fluid venting.
DISCUSSION
The REE patterns of both black and white deposits normalized to chondrite (Fig. 2) clearly indicate a strong positive Eu anomaly and systematic lighter REE enrichment as compared to heavier ones. These features are characteristic of the hydrothermal fluids from sediment-free midoceanic ridges (Mitra et al., 1994; Klinkhammer et al., 1994a) and from some vent fields in the back-arc basins like the Lau and Manus Basins (Evensen et al., 1978) . (b) Average values of Mid-Oceanic Ridge Basalt (Taylor and McLennan, 1985) . (c) Average values of Post-Archean Australian Sedimentary rocks (Taylor and McLennan, 1985) . (d) This is North Pacific Deep Water at 2500 ± 100 m; values are in pmol/kg from Alibo and Nozaki (1999) . (Douville et al., 1999) . In contrast, chondrite-normalized REEs of the Calyptogena shell show an almost flat pattern without any positive Eu anomaly. Although not shown, the shell data clearly indicated a negative Ce anomaly, characteristic of the ambient seawater, when normalized to shale values (Table 2 ; Alibo and Nozaki, 1999) . These strongly suggest that the REEs in the shell are predominantly derived from ambient seawater and the influence of hydrothermal REE source is negligible.
Since the REE concentrations are 2-3 orders of magnitude lower in the white portion than in the black portion, it is likely that the REEs in the former may have resulted from contamination of trace amounts of the black materials. To check this possibility, we plotted the concentration ratios of white and black deposits in Fig. 3 . The non-flat pattern clearly indicates that the REE composition is different between the two portions, and it is hard to explain this by contamination or mixing alone. The Eu/Sm molar ratios of 30 for the black portion and 162 for the white portion (Table 2) are considerably higher than ~0.4 for igneous rocks like MORB and andesite (Taylor and McLennan, 1985) . Figure 3 clearly shows that the white portion is more enriched in Eu than the black portion. This is probably due to the presence of Eu 2+ in the hydrothermal fluid which is more mobile (hence resistant to scavenging) than stricktly trivalent REEs and is capable to substitute the Sr 2+ site within the calcite lattice (Morgan and Wandless, 1980) . The tendency is similar to those observed in the hydrothermal deposits and fluids from the TAG mound, 26°N Mid-Atlantic Ridge (Mills and Elderfield, 1995) , although the Eu/Sm ratios of 0.3-2.4 for the black smoker chimney deposits and 4-17 for the white smoker chimney deposits there are considerably lower than those obtained here for the Okinawa Trough. This may be fortuitous if mineralogical difference between the two sites (sulfide-sulfate deposits in the TAG area versus carbonate-silicate deposits in the Okinawa Trough) is important in the partitioning of Eu 2+ and other REEs. Hydrothermal fluids in the Okinawa Trough may have even higher Eu/Sm ratios than those of the chimney deposits, considering that the "black" and "white" smoker fluids from the TAG area have the high values of 2.9 and 37, respectively. Nevertheless, the primary cause of the positive Eu anomaly in hydrothermal fluids is still under debate (e.g., Klinkhammer et al., 1994a) . Reducing condition in natural hydrothermal systems and the higher mobility of Eu 2+ than that of REE 3+ alone are not sufficient to produce such a huge enrichment of Eu in the hydrothermal fluids. It appears that there is also a complex interaction of hydrothermal fluids with the rocks involving decomposition and ion-exchange with plagioclase. Interestingly, gadolinium and, to the lesser extent, La and Lu also show some enrichment in the white portion relative to the black portion (Fig. 3) . The Y/Ho molar ratios range from 32 in the white portion to 60 in the black portion (Table 2) . These values are significantly lower than the Y/Ho molar ratios of greater than 90 in ambient seawater (e.g., Nozaki et al., 1997) but are close to the chondritic ratio of 52. Recently, Bau and Dulski (1999) have demonstrated the importance of chloride complexes rather than fluoride complexes for REEs and Y in the high temperature hydrothermal fluids based on the Y/Ho ratios.
The flat pattern of chondrite-normalized REEs heavier than Tb is marked for the Okinawa Trough deposits (Fig. 2) . Hydrothermal fluids from midoceanic ridges determined by Klinkhammer et al. (1994b) , Bau and Dulski (1999) and Douville et al. (1999) using ICP mass spectrometry have consistently shown a systematic decrease with increasing atomic number. If the data of Klinkhammer et al. (1994a) are chosen for comparison, the trend from Tb to Er has an average (Er/Tb) N = 0.43 ± 0.11 (n = 13), where the subscript N denotes normalization to chondrite. This is significantly lower than the value of (Er/Tb) N = 0.95 ± 0.12 for the Iheya Ridge deposits. It seems unlikely that the REE fractionation during precipitation from hydrothermal solution caused this difference. This is because various hydrothermal deposits from Mid-Atlantic Ridge TAG area studied by Mills and Elderfield (1995) also show similar systematic difference; (Lu/Dy) N = 0.79 ± 0.35 for the TAG samples (n = 10) is lower than (Lu/Dy) N = 1.5 ± 0.2 for the Okinawa Trough. (Tb data are not available in Mills and Elderfield (1995) .) We failed to reproduce this flat heavy REE pattern by mixing of the REEs from hydrothermal solution at sediment-free mid-oceanic ridges and from terrestrial sediment sources (assumed to have shale composition). Thus, the Iheya Ridge hydrothermal fluid appears to have somewhat different heavy REE composition as compared to those reported previously.
It is interesting to note that the light REE concentrations in the white portion (mainly carbonates) are comparable with those in the Calyptogena calcitic shell, whereas the heavy REEs and Y in the former are much lower than those in the latter. If the solid/solution distribution coefficients for the REEs are assumed to be the same during the growth of white chimney and the clam, then it implies that the hydrothermal solution must have the heavy REE concentrations lower than the ambient seawater. Thus, it is likely that the Okinawa Trough hydrothermal system is acting as not a source but a sink for dissolved REEs in seawater. The slightly negative Ce-anomaly in the white portion of the chimney (Fig. 2) may be an indication of the seawater REE source.
The difficult task for us is to determine if the hydrothermal deposits from the Okinawa Trough contain any terrestrial component of REE that might be introduced from surrounding sediments during the fluid transport. Klinkhammer et al. (1994a) have shown that end-member REE patterns in the hydrothermal fluids from mid-oceanic ridges including the back-arc Mariana Trough are remarkably similar to each other, regardless of the different degree of sediment-fluid interactions.
The Okinawa Trough deposits also show the REE pattern similar to those, except for the heavy REEs, and it seems that secondary alteration of the REE composition during fluid transport may be relatively minor. More intensive investigation including direct measurement of hydrothemal fluids and Nd isotopic composition will help to estimate the degree of terrestrial REE contribution and remains to be done in the future.
ADDENDUM
A new procedure for purification and preconcentration of dissolved REEs using a flow through extraction line system has been developed and employed in this study. The system consists of a Ln-resin column (instead of a home-made C 18 cartridge column used by Shabani et al. (1992) ), a peristaltic pump (Masterflex), and sample and reagent bottles placed in a plastic box, which are suitably connected with Teflon tube (1 mm in inner diameter). Two three-way valves were placed in the line before and after the Ln-resin column to change the pathways. The Ln-resin (50-100 mesh) was provided from EIChrom Industries Inc. The resin consists of nonionic acrylic ester polymer and phosphoric acid bis(2-ethyhexyl)ester (HDEHP: CAS No. 298-017-7). About 1.5 mL (oñ 0.05 g in dry weight) of Ln-resin together with Milli-Q water was packed in a Teflon column tube (4 mm in inner diameter, 5 cm in length). The two open ends were sealed with polyurethane sheets.
Using the system, various conditions have been examined of which details are described below. 1) Recovery: The retention efficiency of REEs and Y on the Ln resin column was tested at various loading pH in which more than 95% recover-ies were obtained between 2.8 and 3.0. At lower pH (e.g., 1.6), the light REEs (La to Nd) were not quantitatively retained on the column. On the other hand, at higher pH (e.g., 4.0) the recoveries for all the elements became equally worse. Thus, it is critical to adjust the pH of sample solution to exactly 3.0. This can be achieved by monitoring pH of the sample with a compact pH meter (HORIBA. B212).
2) Reproducibility: The analytical procedure was examined by replicate measurements of the working standard solution prepared by dilution of 10 ppm REE composite standard solution (Spex Standard "CLMS-1"). The average recovery for individual element ranged from 95.9% for Lu to 103% for Gd. The relative standard deviations were from 2.0% for Y to 4.9% for Gd and Ce. Somewhat low recovery for Lu is due to the low value of 89.5% in the first measurement in 7 replicate runs, and if we exclude it the average becomes 97.0 ± 2.0%. The overall recovery for all the elements was estimated to be 98.7 ± 1.6%.
3) Data comparison: The method was also applied to the surface seawater collected using a clean sampling technique from the northeastern North Pacific (50°N, 145°W) . The results showed *Based on ~200 ml aliquots of seawater. **Based on ~1000 ml aliquots of seawater. an excellent agreement with the conventional solvent extraction method of Shabani et al. (1990) within the relative standard deviations (Table A1) . 4) Reuse of Ln-resin: The Ln-resin column may be used repeatedly, if it is properly cleaned by loading 20 mL of 8M HCl and successively 0.001 M HNO 3 solution, since the blank remains low and insignificant at least for three repeated runs.
